10

15

20

25

30

35

Meteorological and snow distribution data in the |as Experimental
Catchment (Spanish Pyrenees) from 2011 to 2017

JesUs Revuelld, Cesar Azorin-Molin&®, Esteban Alonso-Gonzafezlba Sanmiguel-
Valleladd, Francisco Navarro-Serrandbai Ricd*, Juan Ignacio Lépez-Moreho

! Pyrenean Institute of Ecology, CSIC, ZaragozajrSpa

2 Météo-France - CNRS, CNRM (UMR3589), Centre d’Eewide la Neige, Grenoble, France
®Regional Climate Group, Department of Earth Scisntmiversity of Gothenburg,
Gothenburg, Sweden

* University of the Basque Country. Department ob@aphy, Prehistory and Archaeology.
Vitoria, Spain

Correspondence to: JesUs Revuelto jesus.revueltoe@rite

Abstract: This work describes the snow and meteorologicahsirtavailable for the
Izas Experimental Catchmerm the Central Spanish Pyrenees, frin@2011 to 2067
snow seasons. The experimental site is located the southern side of the Pyrenees
between 2000 and 2300 m above sea Jex@lering-withan areaextensionof 55 ha.
The site is a good example @Sub-alpineambient environmerih whichthe dynamics
of snow accumulation and mielg-eynamieshaveare of major importance in many

mountain processes. The climatidatasetdataset consistof (i) continuous

meteorological variables acquired from an Automatieather Station (AWS),ii}

detailed information on snow depth distribution lecled with a Terrestrial Laser

Scanner (TLS, LIDAR technology) for certain datseng acrossthe snow season

(between 3 and 6 TLS surveys per snow season) i@ndtihe-lapse imageshat
showing the evolution of theSnow Covered Areavelution (SCA). The includes
infermation—on—differentmeteorological variables acquired the -with-anAutomatic
Weather Station (AWS)sueh—asareprecipitation, air temperature, incoming and
reflected short-solar radiatiorand leng-waveinfrared surface temperature—radigtion

relative humidity, wind speed and direction, atnfesjc air pressure, surface

temperature (snow or soil surface) and soil tentpeza all were takenof-thenat 10
minute intervals. Snow depth distribution was meeduduring 23 field campaigns
using a Terrestrial Laser Scanner (TLS), #meke-is—also—availabldaily information
onef the Snow Covered Area (SCAas alsoretrieved from time-lapse photography.
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The data set
(https://doi.org/10.5281/zenodo.84 8 2#igs:/dei-org/10.5281/zenedo.579978 valuable
since it provides high spatial resolution inforroation the snow depth and snow cover
distribution  which is particularly usefulwhen combinedin—eombinationwith

meteorological variables to simulat&se—snow energy and mass balance. This

information has already been analyzedvariousdifferentscientific studies orwerks
studyingsnow pack dynamics and its interaction with thealcclimatology orterrain
topographial characteristics. However, the database genetdtede-datehas great
potential for understanding other environmentatpeses from a hydrometerological or

ecological perspective in which snow dynamics @aleterminant role.
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1. Introduction
Fhe-s®owpack distribution and its temporal evolution @av marked influencenin

many mountain processeber—instance,These includerosion rates and sediment

transport (Colbeck et al.,, 1979; Lana-Renault et 2011), geomorphological and
glaciological processes (LOpez-Moreno et al., 208grrano et al., 200l)and

phenological cycles (Liston, 1999; Wipf et al., 2DGare directly controlled by the
evolution-en-timetiming of snow distributioncoverover time tON the other hand,

snow melirg dynamics areis also ofkas major importance from a hydrological
perspective since one-sixth tifetetal Earth’s total population depends on the water
storage in mountain riverheadwaters (Barnett et al., 2005). In downstreaeasa
exposed to extreme climatic conditions, the snowmehoff from mountain areas
becomes a key elemenfViviroli et al., 2007), especially ithesezonesaffected by
water shortages-subjected-to-water-scar8techThisis the case of semi-arid regions,
likeasthe Mediterranean argahich is characterized by an irregular climatehwidng
drought periods (Vicente-Serrano, 2006), and tohepby—its—dependencie is highly
dependenbn water stored in mountain areaschas the Pyrenees-guite-high(Lopez-
Moreno, 2005; Lépez-Moreno et al., 2008).

The Pyrenees are a mid-latitude mountain rangé, sugnificant snodalls in themere

elevated presence-inhigh elevation areathroughoutalenghe year. During theereal
spring, Pyrenean river discharges depend onstimv-melt -melting—ef-snotiming,

directhyacecounting—from-snow—-aboutwith approxiniatd0% of spring runoffbeing

directly attributable to snowLOpez-Moreno and Garcia-Ruiz, 2004). Thus, snow

accumulation has heavylargeinfluence on Pyrenean headwaters. This dependence
mostlyratherdue to the generally continuous snow cover fromae¥iaber to April above
2000 m above sea level (a.s.l.) (Alvera and GaRtig, 2000; Garcia-Ruiz et al., 1986;
Lépez-Moreno et al., 200bFhis—wayand, thereforethe study of the snowpadcktin

high elevatiog—areas—of inthe Pyrenees is crucial for understanding and giaga

mountain river discharges (Lopez-Moreno, 2005)eeily in thescenario offrame-of
a global climate changeseenario(Garcia-Ruiz et al., 2011). However, the existeoice
continuous snow observations above 2000 m a.sdcasce in this mountain range,
sincebeirgnostef-them_only have informatienavaitatfiom 1600 to 2000 m a.s.l. and

when-available-these-ebservatiopmmspan those that are available onbwer short
time spans-periedsTherdore by well-established study areatn high elevation with,
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havingcontinuous measurements of meteorological varsadhel snowpack distribution
are required in the Pyrenees.

—tThis paperitis preserged the recently acquired dataset of meteorological an
snowpack variables obtainddomin a small size-experimental catchmertdnef the
southernfacesideof the Pyrenees. Although meteorological and higdsical data are
availablefromsineeprevious years (some variableave beenwereneasured sincthe
late 1980s80°g(Alvera and Garcia-Ruiz, 2000)), peesenteffedata fromthe 2011/12

to 20452014176 snow seasa@p as data serieprovidehave higher quality and
continuity, and als¢heymatchwith-in situ observations of snow depth and snow cover.
The dataset conssstof (i) continuous meteorological variables acquired fram
Automatic Weather Station (AWS)j) detailed information on snow depth distribution
collected with a Terrestrial Laser Scanner (TLSAR technology) for certain dates
acrossalenghe snow season (betwe@2 and 6 TLS surveys per snow season) aind (
time-lapse imagethatshowing the Snow Covered Area evolution (SC&Apme years

of this dataset hasalready been used to study the topographic contradnow depth

distribution (Revuelto et al., 2014b), the spatiatiability of snowpack at different

distances (Lépez.Moreno et al., 2012) torinvestigaeirg how detailed snowpack

simulation could be improveby including snow distribution information (Revuekd
al., 2016a,b).

The paper is structured as follows: Section 2 dessrthe study area characteristics;

Section 3 presents meteorological data acquiredn ftbe AWS with a general
description of the observed climatology; Section déscribes the distributed
measurements on snow depth distribution from th& Bind the SCA derived from
time-lapse images; Section 5 concludes with infaionafor downloading the database;
and finally Section 6 summarizes all informatioraidable and the potential application

of the database

2. Study area characteristics and climatology

2.1. The Pyrenees

The Pyrenees lgonia the northeasterhorderimit of the Iberian Peninsula (Figure 1)
and form—tisan orographic barrier betweéme north and south faseFhis-way-a Due
to this, progressively higher aridity is foundoward the southseuthwards a

consequence—othe mountain range bloskg humid air masses from the Atlantic
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(L6pez-Moreno and Vicente-Serrano, 2007; Vicentee®®, 2005). Thus, the natural
barrier directly influence precipitation leading teand-as—a—conseguerareas above
2000 m a.s.l. receinge about 2000 mm/year, increasing to 2500 mm/yearthe
highest divides of the mountain range and rapidigreasmge to 600-800 mm/year in
low elevation areasnd the southern side (Garcia-Ruiz, et al., 2001).

Another distinct feature of the Pyrenees is thaation between two water masses with
contrasinged conditions; i.e. jrthe-western-side-ithe Atlantic Ocearns on the west

side while in—the—east-side—layshe Mediterranean Sedies in the east This
positionsituatiorbetween both water massesiseseriginatesa climatic transition from

Oceanic to Mediterranean conditioinge the east. During autumn, fronts approaching
from the Atlantic bring the highest monthly averag# precipitation in the western
observatoriesteaching-the with theiiotal contributionaccounting foref-al-these-fronts
a 40% of total annual precipitation in this area €@-Novau, 1983).
OppositelyConverselyspring and summer storms mostly affect the emasteras of the

Pyreneesbeing-faveredpromotelly the development afones wheresea breezezand
local winds convergece—zones-that timitiate deep moist convection along the eastern
fringe of the Iberian Mediterranean area (Azorinia et al., 2015). Thefere;by

Pyrenean observatories in the eastord a large numberhave-a-major-contributibn
convective eventse-g-—+eaching ai.e up B2% of total annual precipitation in eastern

valleys but—and dropping below 16% of annual precipitation in veest valleys
(Cuadrat et al., 2007). In early winter, the arrieffronts fromthe northwest and west
are the most frequent, leading ttee highest snow accumulatiobpeing foundin the
western Pyrenees (Navarro-Serrano and Lopez-Mog81iY,)). The Azores high, which
usually affects the Iberian Peninsdk—at certain times in thesemeinterperiods
originatesqgives rise trelatively long periods with no snow accumulatiorthis season.

Subsequently, in spring, snow accumulaticsgre associated with southwesterly
advections, which lead tbighheavysnow accumulations in the western Pyrenees
(Revuelto et al., 2012). Snow remains for long qasiabove 1600 m a.s.l., between
November and April (L6pez-Moreno and Nogués-Br&@()6).

Similady to precipitation, air temperature is influencedtbg Atlantic-Mediterranean
transitions, but elevation plays a major rien its distribution. For instance, the lower
annual thermal amplitudés—observed in the western Pyreneiesbecauseof the

proximity of the oceanrpreximity (Cuadrat et al., 2007). As a general tendencyén t
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Central Pyrenees, the annual 0°C isothdratsys between 2700 and 2900 m a.s.l. (del
Barrio et al., 1990; Chueca, J., 1993).

Additionally the Pyrenees exhibit a high inter-aahwariability in air temperature and
precipitation, whichmakesinvelve-great-uneertainty in taanual snow accumulation
very uncertainLopez-Moreno, 2005). This variability is influeritby the inter-annual
variability of atmospheric circulationbeinrg—identifiedwith —a decrease of snow
accumulation weather typdming identifiedunder positive North Atlantic Oscillation
(NAO) phases (LO6pez-Moreno and Vicente-Serrano, 7R0As observed with
precipitation, snow accumulation correlatiesvith Atlantic-Mediterranean proximity
and distancéromte the main divide of the mountain range (Revueltalgt2012), and

is strongly dependent on the fluctuations of thé Bbtherm during winter and spring.
This high climatic variabilityis also the cause oferiginates karge inter-annual
variability in total snow accumulation amsh-its temporal distributioracrossatenghe
snow season (Lopez-Moreno, 2005).

2.2. The Izas Experimental Catchment

The Izas Experimental Catchment {42 N, 0°25 W) has a surfacareaof 33 ha, but
snow depth information cover total of 55 ha, with elevations ranging betw26i5
and 2325 m a.s.l. This area is close to the maiideliof the Pyrenees in the headwaters
of the Gallego River, near the Spain—France boffigure 1). The lzas Experimental
Catchment exemplifies the general characterisfissib-alpine areas of the Pyrenees. In
this environment, snowpack dynam@s ofhave-anajor importancehroughoutateng
the year. Thus the atmosphere-snowpack interactibssrved at this experimental site
will enableato better understamuy of many processésef sub-alpine areas.

The mean annual precipitation is 2000 mm, and sacsounts for approximately 50%
of total precipitation (Anderton et al., 2004). For average of 130 days each year the
mean daily air temperature is below 0 °C, with amannual air temperature of 3 °C,
(del Barrio et al.,, 1997). Snow covers a high patage of the catchment from
November to the end of May (L6épez-Moreno et al1®0 Lithology shows limestones
and sandstones of the Cretaceous period, and nesiof the Paleocene, much more
resistant to erosiol.he -Zonal vegetationype corresponds to a high mountain steppe,
mainly covered by bunch grasses, namegstuca eskiaNardus stricta, Trifolium
alpinum, Plantago alpineind Carex sempervirendRocky outcrops dominata-the
upper and steeper slopes (less than 15% of thg ated). There are htrees present in

the study area. The catchment is predominantlyfaastg, with some areas also facing
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north or south. The mean slope of the catchmet&is(Lopez-Moreno et al., 2012),

with the topographic characteristics displayirghgvithe typical high spatial
heterogeneityon-its—topographic—characteristiof sub-alpine areasaving- with flat

concave and convex areas.

3. Meteorological data
The study site is equipped with an AWS locatechimlower elevation of the catchment
(42° 44’ 33.65"N, 0° 25’ 8.83W, 2113 m a.s.l., Figure llocated in a flat open area

with sparse vegetation (mountain pastureEhe AWS measures wind speed and

direction, atmospheric air temperature, relativemidity and air pressure, soll
temperature for 0 cm, 5 cm, 10 cm and 20 cm, teatpes of the surface close to the
AWS (snow or soil, dependingn whetherif snow is present or not), global and
reflected solar irradiance, snow depth and preaipit (the precipitation gauge is
located at 15 mef-from the AWS tower) (see Figure 2). Information on thaim
atmospheric variables has been recorded since ntieok 2011 (AWS installed on
November 2011). Therefore, data availability covfars complete snow seasons. Since
the station is located in the lower elevation & tatchment and despite air temperature
lapse rate with elevation, the AWS records servddscribeaveragthe evolution of
atmospheric variables occurring at the 1zas Expamiiad Catchment.

The data acquisition system consists of a Cam@méntific CR3000 datalogger that
samples each instrument and stores data at 10enimune intervals. All data is
transmitted via modem to the Pyrenean InstitutBEaflogywhereand-ence-received-we
apply—seme automatic quality-control checkare applied to removefer—+emeving

outliers. Data gaps are rare for almost all vaeatandtherefore instead of gap-filling

with interpolation methods, only measured dataaamglable. However, some variables
had long data gaps andrtainthereby-somgeriods have been discardedmfer further
analysis. This is the case of precipitation for tingt three snow seasanshich were
useless becauss the length of data gaps.

Since the main application of the data collectedHeyAWS isto assessthe-assessment
of the snow—coverevolution of snow coverin the study area, in the following
subsections we focus our analyses on the accuwnlaind melhg periods: i.e.,
accumulation (January, February and March; JFM) raeting (April, May and June;
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AMJ).—periodsAnnual values observed during a whole snow seaseralso presented
for each sub-section.

3.1. Wind speed and direction

The AWS is equipped with a Young wind monitor — ANE MODEL Young
Company, Model 05103-45-5, Wind Monitor —Alpine 8 specifications ©

45%20(0613).pd), placedatin the highest point of the meteorological tower (&love

the ground). The Pyrenees are commonly affectestrong westerly to northerly winds

as shown in the wind roses displayed in Figure 8hWe exception of south winds
that mainly occuring during the melkg period, westerly to northerly winds dominate.
Additionally, the-_the most frequentlyfreguencymbderate to stronginds come from
the north-west—winds-mainly-occursfor-northwagtarings.,

3.2. Air temperature, relative humidity and atmospleric air pressure

Air temperature and relative humidityerearemeasured with the HMP155 Vaisala

sensor Yaisala Company, HMP155 Humidity and Temperatu@bPBrspecifications ©

HMPI155-Datasheet-B210752EN-E-LoRes)pddnd atmospheric air pressuveas—is
recorded with the BP1 sensor from Adcon telemetgcbn Telemetry Company, BP1

Barometric Pressure Sensor specifications, © 2015
49/ The HMP 155

humidity and temperature probesisplaced inside a standard radiation shihd-at

3.2 m from the ground in order treventaveid-thathe snowpackrom eventually
coveingsthe sensors.

AlenrgOverthefive-six snow seasons analyzed, the mean annual air temperanged
between 5.26°C (2014/i&rew-seasgnand 3.51°C (2012/13srew-seasgn with an
average value of B963-°C. Fhe—accumulation—period—has—shown_a Thean air
temperaturen the accumulation periedthaanged from -2.78°C (2012/13) 16.56°C
(2016/17)-1-15-°C(2011/show-seasgpbeing—1-79-°C-thwith anaverage valuef -
1.79°Cfor the whole study period. Finally, the mie§ periodreturnedshowe@ mean
value of 5516-°C ranging from 2.79C (2012/13snew-seasgno 7.58°C (2016/1At0
#-30-°C(2014/15now-seasgn Table 1 showshatthe 2012/13 snow season was the

coldest inene—ef the study period. Figure 4 depicts the temporallgion of air

temperature and other variables observed in the AW® 2011 to 2016Thus this
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’ figure shows the contrgboints foref air temperature othe ground andthe surface
temperature.

| The relative air humidity and the atmospheric agsgure are shown in Tabl2 and 3,

respectively. The mean annual value of the relativenidity for the five seasons is

65%, witha-716®6 during the accumulation pericahd 9% during the meling-one.

Similarly, atmospheric air pressure has a mean anvalue of 791 mbwith 7897

mbbeirgfor the accumulation perio#89-mband79288mb for the meltforthe-melkting

Soded28mh.

3.3 Ground temperature

On 22 November 2012 four Campbell Scientific “1@Wmperature probes’Tampbell

Scientific Ltd. 107 temperature Probe, ©

201 2https+His.campbellsei.com/documents/es/mariiigidf ) were installed in the

AWS to measure ground temperature at differenttde@ne sensor was located in the

atmosphere-ground interface (slightly buried, 0 depth), while the other three were
| respectivelyplaced adepths of6 cm, 10 cm and 20 cralepths.Table 4 and Figure 4

show the average values of ground temperatureshentémporal evolution of ground
’ temperature Fhere—exists—a—tlack—of_diba is lacking from aAugust 2016 onwards
because temperature probes were damaged by cowsavirage values during the
period with information for the 0 cm, 5 cm, 10 cmda20 cm depths are respectively:
5.2646.22 °C, 4.97+5.52 °C, 4.93+6.17 °C, 4.89+2%G6
The temporal evolution of air and ground tempeegudepicts the impact dhe
snowpackpresenceon ground energy dynamics. The snowpack sheltensng from
the high temporal variability of air temperaturehefefore,the daily variability in
ground temperaturefiave—a-_is significanty lowersmooth—decrease—in—the—daily
variability. Additionally—it—is—observed—howtheFurthermoreg thifferent ground

temperatures tend to reach 0°C while snow covergitbund; i.e., the typical soil-snow

interface temperature.

3.4. Surface temperature

At-the-same-date-ofTogether withe installation of the ground temperature sensars
IR100 infrared remote temperature sensgaripbell Scientific Ltd, IR100/IR120 Infra-
red remote temperature sensor, © 204 ECamabell——£=en

) was also set up to

[ Cddigo de campo cambiado
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measure surface temperature of near target grousdosv.On-Table 5showsis-shewn
the average land surface temperatures. The mearalasurface temperature is 2.56°C,
with a mean value of -881°C during the accumulation period an@24C during the
melting period.

The infrared remote sensor shows tiaedency of thenow surfacéendeneyto coolng
faster than soil. During winter and spring, whileow is present on the grounthe
differences between air and surface temperature nawee marked, with surface

temperatures always observed to be lowerair—terhpereand—surface—temperature

hows-higher-differences,; being-always observedilosurface temperaturdsee the

occurrence of snow below the AWS when lower surf@esperatures are observed in
Figure 4). Thisis-plainly exemplifesying the higher energy irradiance of snow when
compared tdreesnowfree soils.

3.5 Global and reflected solar irradiance

The AWS also obtains information on the global aeffiected solar irradiance with a

CMA 6 Kipp&Konen albedometeKipp & Zonen, CMP/CMA series pyranometer and
albedometer ©,  2015) ——{hitp://www-kippzonen-com/D b/ /2/Manual-
Pyranometers-CMP-series-English)placed at 3.4 mghiieFigure 4 shows the daily
evolution of the values recorded, and how theseirdegrelated with—inereasingthe

reflected radiationncreasing at the same time as the incidentwheident-doesThe

average values of these variables are presentédlie 6. For the whole period, the

average values of the incident radiation are 20T\gi‘day, taking complete snow

seasons into account—censidering—completesnowesgasb4.73161-15W/m’ day

aforecountingaccumulationperieds, and 280.95 -276-93W/mPday foreensideringall
melting periods. Similarly, the reflected radiation average valaes: 83.67 Wi/rday

for entire snow seasong09.69-109.5AW/m’day for the accumulatioperiedsand
117.06-119-5%W/mday for meling periods.
Similary to ground and surface temperatures, the radiagitbected isheavilymarkedly

influenced bythe presence asnow-presence—Perieds—in-whichWhsnow coversis
present—overthe ground the sensor shawvhigher values of reflected radiatian

comparison withwhen-compareddnow-free periods (Figure 4).

3.6 Snow depth and precipitation

The AWS is also equipped with @ampbell SR50Asonic ranging sensoicgmpbell
Seientiie—SR50A- Campbell Scientific Ltd, SR50A ro Ranging Sensor, ©
201 1hitps:s.campbelisci

For the sake of

10
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simplicity we will referto it asa snow depth sensgsince it is used for measurihgw
evelvesthe changingdistance between the surface and the sensor (tisersis placed
2.64 m from the groundand the-being-obtairednow depttobtained bysubtractinge
his—this value from the observed distance). This sen$ms-worked without—any
uninterruptdlyien during the study period and provitkea goodelimatolegy recordf

the snow depth evolution in the lzas ExperimentatcBment. Therefore, the
information o the snow depth can be used as a reference for obiservations of
snowpack evolution. The average values for the /istilidy period are39-2093.4cm
for the accumulation period add.853-32cm for the melhg period (Table 7 shows the
seasonal values). The temporal evolution of thevstepth is shown in Figure 4.
In_addition;Additionally Figure 4 shows the precipitation values for theiqokewith
consistentdata in the precipitation gaugeifeefromthe end ofendluly 2014). The
sensor installed is a Geonor T-200B with wind shi@beonor A/S, geonor T-200B
series All-weather precipitation gauges, © 2010Ht#ww-geonorcemlbrochuresi/t-
200b-series-all-weathergdiwhich continuously weights the accumulated poigiion
(liquid and solid).The height of the gauge orifice is 3.25 m (2.5 maheedesial plus

the height of the T-200B inlet)The precipitation accumulated over a certain period
wasis calculatedby subtracting final and initial weighted values. Teald includes the
accumulated precipitation for the whole snow yead also during the accumulation

and melirg periods.

4. Information on snow distribution

4.1. TLS acquisitions of snow depth distribution

During the five snow seasons presented here, flmeetto six TLS surveys were
carried outaccomplisheshch year in the Izas Experimental Catchment. dieSlevices
that—useusingLiDAR technologies a remote sensing methaélatto obtairs the
distance between a target area and the devicendparTLS data acquisition, the device
measures the distance of some hundreds of thousdnpdsnts within the area defined
by the operator, creating a cloud of data poingsesenting the topography of the target
surface. The device used in this study is a lomgeaTLS (RIEGL LPM-321 (Fig.2),
RIEGL Laser Measurements, LPM-321 O,
201 0http/Awww-rieghco i )
03-2010-pdf). The technical characteristics of this model &)dight pulses of 905 nm

11
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wavelength (near-infrared), appropriate for acqugjrdata from snow cover (Prokop,
2008); (i) a minimum angular step width of 0.018f) a laser beam divergence of
0.046°; and (iv) a maximum working distance of 6000 In order to reduce
topographic shadowing (note that terrain topogrdphigs the line-of-sight of the TLS)
two scanning positions (Scan station on Fig.1) westablished within the study site
(Figure 1).Additionalhy-12 reflected targets wemrdso fixed onenthe terrain (Fig. 2).
The location of these targets was acquired on & acquisition date, since this
information is used in the post-processing phage cfumparing the point clouds
acquiredonin-thedifferent dates. The protocol for obtaining théoimation in the field
and the methodology for generating the snow destiilsition maps for the different
TLS survey dates is fully explained in Revueltoabt 2014a. The method is mainly
based on calculating the elevation difference betwthe point clouds obtained on
different dates with and without snogoverpresencacrossovelithe study area. The
final products are snow depth distribution mapswigrid size of 1x1 m, with a mean
absolute error of 0.07 m in tlebtainedsnow depth values (Revuelto et al., 2014a).
Figure 5 shows the snow depth maps obtained for2012/13 snow seaseit-is
presented- t fie informationforef this snow seasois presentecbecause six TLS
surveys werecompleted-achievedEurthermore;Additiorallythe accumulated snow
depths weresignificantguite—impertantand thus providerepreducean interesting
example of snowpack evolutionveron time. These maps show the high spatial
variability of the snowpack within the study aredth marked changes in the snow
depth distributionwithin short distancesAlse—it—islt was alsoobserved how high
accumulation areas tee largeimpertaniaccumulations during the whole snow season
with a thick snowpack for datesyin which the snow cover daalreadyvecompletely
melted ovetargewideareas of the catchment.

Table 8 presents the average snow depth and thenmmexsnow depth value observed
for each TLS acquisitiont-is-alse-shewn-in_this tablealso showghe coefficient of
variation on each snow distribution map adsbthe fraction of the snow covered area.
The values obtained depict theavy accumulation of snewimpertant-—shrew—depth
accumulation-oceurrinm some areas of the catchmemhile the average snow depth is

lower.

4.2. Snow covered area from time-lapse photographs

The Izas Experimental Catchment is also equippdatt &i Campbell CC640 digital
camera  Campbell Scientific Ltd, CC640 Digital Camera, ©

12
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). This camera was
mountedonwith a solid metal structurget into the ground withfixed-in-the-terrain-with
concrete (Figure 2)which-Hereby-it-iensured a constant positimobtain consistent
information-that-gives-consisteney-to-the-informatbbtainedThe digital camera has a

resolution of 640x480 pixels with a focal length@f2 mm. The field of view of the

photographs obtained with the camera mounteéh the metal structure cower
approximately 30 ha (Figure 1), what represents about a 52% of the total surface
covered by the TLS. The camera obtais three pictures per day (time-lapse
photography) at 10:00, 11:00 and 12:00 UTC, enguxigood illumination of the area.
Figure 6 containsshewfour photographdromebtaired—duringthe 2012/2013 snow
seasonip-which-can-be-ebservedshowihgwthe snow covered area evolve time.

The picturesobtainedcan be projected into a Digital Elevation Model (@Eof the
study site. Projecting the pictures into thel mDEM foralengan entire snow season
provides distributed information on tlegolution of thesnow covered areavelutionin

the same reference systeasef snow depth maps. The approach for projecting the
pictures into the DEM is described by (Corripio02) and the specific features of the
methodology applied in the lzas Experimental Catemtmare fully described in
(Revuelto et al., 2016a). The routines appliest makedees—in-first-term viewing
transformatioreensiderirgallowing fothe optics of the camera and secongterma
perspective projection, providing a virtual imagettee DEM. Therefore, in the second
step the correspondence of ground control poitthin-the—surveyed-arewith the
pixels of the photograph must be established. Simisestage is quite setiseble, the
coordinates of ground control points were acquinétth a differential GPSWith this

process imagesprojectedimagesinto the DEM had a 3.3 piXsel performance in the

calibration of the transformatiofinally, the daily series of the projected imagas be

definitely binarized to create daily snow presence/absenges.nfdis information can
also be used for other applicatirsuch as-as-ferexampteobserve the growth timing
of plant species.

Since the binarized snow presence/absence maps recorded orhawemost a daily
frequency (note that about a 20% of all photograffbsn the camera had to be

discarded because cloud or shgmesenceobscueding the camera lefjs many

parameters can be derived from this informatiosjuiding the Snow Covered Area

temporal evolution, the numbers of days with snawsence or the melt out date
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(MOD) on each pixel. Figure 7 shows an examplehef number of days with snow

presence for the 2011/12 and 2012/13 snow season.

5. Data availability
The database presented and described in thiseaidielvailable for download at Zenodo
(Revuelto et al. 2017,

https://doi.org/10.5281/zenodo.848 R#Bs://dei-org/10-5281/zenode-579979 | Cédigo de campo cambiado

Meteorological data of the AWS armgven +eadyin .csv format. The meteorological
dataset includes observatigs 10-minute-winintervak. . Foran-easiertransferability
and-also-to-allow-a-widerpost-processinddT LS survey point clouds containing the
snow depth distribution are available on-line (difeefor each TLS acquisition)'hese

files are in ASCII format in the UTM 30T North catinate system-Fhese-peint-clouds
are-inthe UTM-30T Nerth-coordinate-system. 1also provided the DEM of the study

area in same coordinate syste@foud-free day photographs from the time-lapse came

are available in the online repository, with theérespondence of pixel-ground control
points to GPS coordinates. Information on the gpaied chip size of the camera is also

provided.Additionally all available Melt Out Date distriboti maps (MOD, last Julian

day with snow presence on each pixel) are inclunddide database.

6. Summary

The Izas Experimental Catchment is a well-estabtisstudy areanin the south face of
the Pyreneesin which different meteorological and snow vareblare automatically
acquired. Additionallyan-impertantgreagffort has been maden field data acquisition
with TLS-has-been-conducted-during otlee last five snow seasons anaigoing-stil
maintained. The dataset described here is novel in the Pyseheeauseit-represents
for the first time it representsigh spatial resolution information on the snowpac
distribution and its evolutiorinen time,_as well as making—beirg—alse—available

continuous informatioravailableon meteorological variables. The high quality loé t

information obtained haalreadybeenalreadyexploited for different studies on the

understanding of snowpack dynamics andhe improvement of simulation approaches
toef snowpack evolution in mountain areas (Lopez-Morenal., 2012, 2014, Revuelto

et al., 2014b, 2016a, 2016b). Howevirere—existmany scientific questions stitlo

unansweredsuch as the long term influence of topography on snomadhics, the
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spatial distribution of snow during precipitationdsstrongwind blewing-events. Also,

the high inter-annual variability of snow accumigat in the Pyrenees has
seriousimpertantonsequences for water management, especialheitediterranean
area (Garcia-Ruiz et al., 2011). Thus, igisteveryimportant to continue obtaining
information on snowpack evolution andthe meteorological variableésatcontroling

snow dynamics. This information will allowe-the scientific community to better
understand processes involvadd —alewing—amake fobetter adaptation to climate
change scenarios. Moreover, offering the possjbdit exploiting the information to

other fieldseellegesprovides as INARCH doesthe opportunity of establishing new

collaboration networks to push forward tirentiers ofsciencéimits in mountain areas.
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Figure 1: The Izas Experimental Catchment study site. Updefigure shows the

5 | location of the study site. In the lower left pareis shown an overviewietureof the
catchment with marginal snow presence. The righg steows the topographic
characteristics of the catchment and the locatidheTLS scanning positions (Scan
stations), the meteorological station and the fiéldiew of the time-lapse camera

(continuous lines from Scan station 1).
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Figure 2: Pictures of the experimental site equipment. @)WS sensors. 1A: Young
Wind Sensor, 2A: Radiation shield with HMP 155 hdityi and temperature probe, 3A
BP1 air pressure recorder, 4A: IR100 infrared reemperature sensor, 5A: CMA6
Kipp & Konen albedometer, 6A: SR50A range sensér, Geonor T-200B with wind
shield, 8A: CR3000 datalogger and modem, 9A: Sganel and battery, 10A:
Campbell Scientific 107 ground temperature prob@). RIEGL LPM-321 TLS
mountedonin the tripod during an acquisition campai@gm-tThe upper-right parit-is
showsn one of the 12 fixed reflective targets fixed or terrain. (C) Campbell CC640
camera mounted in the metal structure. 1C: digigahera inside the enclosure house,
2C: modem, 3C: protection glass of the digital ceamdC: frontal view of the camera
and its structure.
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Figure 3. Wind roses showing the frequency (in %) of winoked and direction
5 | observed in the AWS for accumulation (upper winde) and meitg (lower wind
roses) snow seasons.
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| Figure 7 Number of days with snow pregeafor each pixel for 2011/12 and 2012/13
sSnow seasons.
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Tables:

Air temperature (°C)
2011/12 2012/13 2013/14 2014/15 2015/16 2016/17
Mean Annual 5.13+£7.73 3.50+6.88 4.17+6.11 5.26£7.02  5.08+6.69 Nan
Accumulation -1.1545.69  -2.78+4.57  -1.71+3.44  -1.65#4.87 -1.6683 -0.56+4.20
Melting 5.80+6.60 2.79+4.79 5.51+4.07 7.23+4.86  4.45+5.12.58+6.00
Max Annual 25.87 20.85 21.42 24.07 24.23 Nan
Accumulation 7.89 10.69 10.20 10.98 11.62  11.39
Melting 18.29 17.13 18.32 23.07 19.26 2251
Min Annual -18.51 -15.26 -11.35 -15.24 -11.78 Nan
Accumulation -18.51 -15.26 -11.35 -15.24 -11.78  -14.97
Melting -9.33 -9.04 -3.71 -4.76 -8.20 -8.33
Table 1: Mean and standard deviation of air temperaturdherfive snow seasons for
the annual, accumulation and nredtperiods. Also are shown maximum and minimum
air temperatures for the each period of the sn@s@®es(*Nan means no data observed
5 | during the period).
Relative Air Humidity (%)
2011/12 2012/13 2013/14 2014/15 2015/16 2016/17
Annual 59.9+18.9 70.1£17.1 68.8+17.3 64.8+19.2  65.9+18.5 Nan
Accumulation 67.1+18.1 70.5£19.3 72.7£15.8 62.8+22.2  71.3+18(31.0+20.8
lelting 57.1£15.2 74.4%14.5 68.7+15.9 63.9+15.8 69.9+1462.9+15.65

Table 2: Mean and standard deviation of relative humiditythe five snow seasons for

10 | the annual, accumulation and nigdtperiodg*Nan means no data observed during the
period).
Atmospheric air pressure (mbar)
2011/12 2012/13 2013/14 2014/15 2015/162016/17

Annual 794.5+5.9 790.7+7.7 791.316.5 792.4+6.9 791.8+7.1Nan
Accumulation  790.9£7.2 784.7+8.3 786.4+6.9 789.7+9.3  786.8+7/88.5+5.5

Melting 797.1+3.6 790.9+6.6 791.8+4.6 794.2+4.4  788.9+5/81.545.0

15 Table 3: Mean and standard deviation of atmospheric aisque for the five snow

seasons for the annual, accumulation andinggfteriods.
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Ground Temperatures (°C)
Depth 2011/12 2012/13 2013/14 2014/15 2015/16 2016/17
(cm)
Annual 0 Nan* 4.60+6.71 5.1346.45 5.98+7.02 4.24+6.02 Nan
5 Nan 4.35t5.67 5.61+6.52 6.0615.52 4.66+5.12 Nan
10 Nan 4.3845.19 5.07+5.46 5.99+6.09 4.55+4.87 Nan
20 Nan 4.26+4.66 5.01+4.62 5.08+3.26 4.51+3.88 Nan
Acc. 0 Nan 0,22+0,05 0.03+0.04 -0.26+0.87 -0.66+1.13 Nan
5 Nan 0,69+0.12 0.11+0.08 -0.39+0.54 0.99+0.10 Nan
10 Nan 1.10+0.16 0.31+0.18 -0.27+0.23 0.98+0.11 Nan
20 Nan 1.34+0.19 0.94+0.06 0.39+0.08 1.57+0.17 Nan
Melting 0 Nan 1.21+43.49 5.53+6.41 7.87+6.41 4.5745.46 Nan
5 Nan 1.04+2.45 5.1916.08 7.03+5.71 4.43%5.09 Nan
10 Nan 1.06£1.78 4.15+4.68 6.4615.32 4.15+4.79 Nan
20 Nan 1.04+1.36 3.46+3.49 5.35+4.15 3.50+3.47 Nan

Table 4: Mean and standard deviation ground temperatureliffarent depths for the
five snow seasons for the annual, accumulationraaling periods (*Nan means no
data observed during the period).

Surface temperature (°C)

| 2011/12 2012/13 2013/14 2014/15 2015/16 2016/17
} Annual Nan 1.29+7.83 2.44+7.06 3.26%8.14 3.26x7.71 Nan
Accumulation -4.18+2.65  -5.36+3.61  -4.32+2.99 -3.68+3.58
Nan -5.38+3.58
| Melting 3.75+5.16 5.95+6.02 3.47+5.96 6.64+6.67
Nan -0.09+3.44

Table 5 Mean surface temperature from the infrared sefmothe five snow seasons
| for the annual, accumulation and rvgdtperiods (*Nan means no data observed during

the period).
10
| Radiation (W/m’day)
2011/12 2012/13 2013/14 2014/15 2015/16
Annual Global  219.48+110.6 205.36:114.5( 196.64110.4¢ 207.6+116.5( 211.0+113.9¢ Nan
Reflected 82.87+49.6! 96.20+64.9 79.35£52.7¢ 76.344£64.9( 83.61+53.7¢ Nar
Acc. Slobal  181.09+68.18 154.83+67.30 150.04£84.0z 166.9'+65.8( 152.8#83.1¢ 182.64:85.36

Réflected 99.14+40.34  117.04+44.35 108.5(+47.4: 114.2:444.3t  108.9448.5¢ 110.2941.13

Melting  Global  245.37+120.56 289.59+114.10 283.3%102.8( 287.6=117.1f 278.74114.3, 301.0#107.57
Reflected 103.11467.15 169.56+60.28 114.8461.1C  90.5%60.2¢  120.04:67.3C  104.2866.7

Table 6. Mean global and reflected radiation for the fareow seasons for the annual,
accumulation and méhg periods(*Nan means no data observed during the period)..
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Accumulated total precipitation (mm)

2011/12 2012/13 2013/14 2014/15 2015/16
Ann  Pcp(mm) Nar Nar Nar 1572 411 2016/17
Acc. SD(cm) 14.74+14.60 145.61+52.3 148.54+41.60 55.90+36.50 .4AB8B1.67 Nan
Pcp (mm) Nar Nar Nar 4543t 147.2: 114.44:73.80
Mit. SD (cm) 1.60+1.57 131.42+64.64 51.57+64.95 12.70+22.24 (®69.85 82.38
Pcp (mm) Nar Nar Nar 249.6. 121.0¢ 25.14+32.22

Table 7: Accumulated precipitation (liquid and solid) fomosv seasons with
observations available. Average snow depth valwesatcumulation and melg
periods for the five snow seasons (*Nan means tealzserved during the period).
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Mean SD

Date (m) Max SD (m) SCA (%) cv
22-Feb 0.46 5.53 67.2 1.35
02-Apar 0.17 3.86 335 2.23
Snow
o 17-Apr 0.56 5.34 94.1 1.07
2011/12 02-May 0.90 6.11 98.8 0.74
14-May 0.21 4.47 30.9 1.90
24-May 0.09 4.32 18.9 1.29
17-Feb 2.01 10.89 08.8 0.63
Show 03-Apr 3.19 11.20 100 0.56
comoon 25-Apr 2.42 10.10 96.3 0.76
2010113 06-Jun 1.98 9.64 86.4 0.86
12-Jun 1.69 8.90 771 0.90
20-Jun 0.76 7.97 67.0 1.35
S 03-Feb 2.16 10.20 96.0 0.59
Serz‘ios"(‘)’n 22-Feb 2.56 10.47 98.6 057
201314 09-Apr 254 9.72 89.0 0.65
05-May 1.67 9.02 75.2 0.87
Snow 06-Nov 0.22 2.78 85.0 0.81
comoon 26-Jan 0.74 4.88 89.3 0.85
014115 06-Mar 2.13 1155 94.0 0.69
12-May 0.67 7.75 56.0 1.21
Snow 04-Feb 0.82 6.20 91.1 0.63
season 25-Apr 1.86 10.82 97.0 0.50
2015/16 26-May 1.16 7.81 74.8 0.70
Snow 20-Jan 1.26 6.33 93 0.72
o161y  08:May 0.77 7.25 57.2 0.81

Table 8: Observed mean and maximum snow depth values, sovaved area (SCA,
% of the total area covered by the TLS), and coieffit of variation for the observed
snow distribution on the TLS survey dates.
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